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Available online 29 January 2014AbstractThis paper reports the effects of post weld heat treatments, namely artificial ageing and solution treatment followed by artificial ageing, on
microstructure and mechanical properties of 12 mm thick friction stir welded joints of precipitation hardenable high strength armour grade
AA7075-T651 aluminium alloy. The tensile properties, such as yield strength, tensile strength, elongation and notch tensile strength, are
evaluated and correlated with the microhardness and microstructural features. The scanning electron microscope is used to characterie the
fracture surfaces. The solution treatment followed by ageing heat treatment cycle is found to be marginally beneficial in improving the tensile
properties of friction stir welds of AA7075-T651 aluminium alloy.
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The precipitation hardenable 7xxx-series
(AleZneMge(Cu)) aluminium alloys have been used exten-
sively in the aircraft structural components, military vehicle,
earth moving equipments, bridges and other highly stressed
defence applications [1]. The main problems in fusion welding
of 7xxx series alloys are: (i) hot cracking (solidification
cracking) in the weld, and (ii) excessive micro-fissuring due to
hot tearing in the partially melted zone (PMZ) of the heat
affected zone (HAZ). AA7075 alloy possessing a substantial
amount of copper (around 1.75 wt%) has a wide melting range* Corresponding author. Tel.: þ91 (0) 4144239734.
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http://dx.doi.org/10.1016/j.dt.2014.01.004with a low solidus temperature and is extremely sensitive to
weld cracking during fusion welding [2]. Friction stir welding
(FSW) is a solid state metal joining technique that was
developed and patented by The Welding Institute of Cam-
bridge (TWI), UK, in 1991 [3]. FSW is well suited for joining
aluminium alloys, especially those that are typically consid-
ered to be un-weldable, such as 2XXX and 7XXX series
aluminium alloys.
The benefits of FSW are (i) capability to weld difficult-to-
weld aluminium alloys, (ii) fewer weld defects, and (iii) better
dimensional stability of the welded structure and possibility to
weld linear and contour welding. Although the weld material
remains in the solid state throughout the joining process, it is
exposed to a high temperature extrusion [2,3] and experiences
high levels of deformation [4], leading to significant modifi-
cation of the microstructure and mechanical properties [5]
coupled with development of significant levels of residual
stress [6]. Recently few investigations [7e9] were carried out
to improve the material properties of FSW joints by applying
post weld heat treatments. Chaitanya et al. [7], studied thection and hosting by Elsevier B.V. All rights reserved.
Table 1
Chemical composition (wt%) of parent metal (AA7075-T651).
Zn Mg Cu Fe Si Mn Cr Ti Al
6.1 2.9 2.0 0.50 0.4 0.30 0.28 0.20 Bal
2 P. SIVARAJ et al. / Defence Technology 10 (2014) 1e8effects of five different post weld heat treatments on FSW
joints of AleZneMg aluminium alloy AA7039 in order to
understand their effects on microstructure and mechanical
properties. The authors inferred that the naturally aged jointsFig. 1. Experimeoffered the highest mechanical properties while the solution
treated joints offered the lowest mechanical properties. The
naturally aged joints yielded the highest tensile strength
(94.9%) and elongation (174.2%) efficiencies while the arti-
ficially aged joints yielded the highest yield strength efficiency
(96.7%).
Han et al. [8], investigated the effect of the solution treatment
on the tensile properties and fracture toughness of aluminium
alloy 7050. Their results showed that the volume fraction of thental details.
Table 2
Transverse tensile properties of parent metal and FSW joints.
Joint type 0.2% Yield
strength (MPa)
Ultimate tensile
strength (MPa)
Elongation in 50 mm
gauge length (%)
Notch tensile
strength (MPa)
Notch strength
ratio (NSR)
Joint efficiency (%) Failure location
PM 510 563 16 571 1.01 e
AW 335 394 12 410 1.04 70 AS-TMAZ
AA 251 314 14 449 1.43 56 AS-TMAZ
STA 346 445 11 512 1.22 79 AS-TMAZ
PM: Parent metal; AW: As-welded; AA: Artificially aged; STA: Solution treated and aged.
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lution temperature, but the volume fraction of the recrystallized
grains and the size of the sub-grains increase. The enhanced
solution treated samples result in an improved dissolution of the
residual phase, a lower recrystallized grains fraction and smaller
sub-grains, which leads to a higher strength and fracture
toughness than that of the single-stage solution treated samples.
Christian et al. [9], examined the microstructural and mechan-
ical property evolutions of friction stir welded 7050-T7651 and
7075-T651Al alloys as a function of room temperature (natural)
ageing for up to 67,920 h. During the range of ageing times
studied, the transverse tensile strengths continuously increase,
and are still increasing, with improvements of 24% and 29%
measured for the 7050-T7651 and 7075-T651 Al alloy friction
stir welds, respectively. Formation of a high volume fraction of
GP (II) zones produced a majority of the strength improvement
within the weld nugget and HAZ regions.
From the literature review, it is understood that the post
weld heat treatment can efficiently modify the microstructure
and improve the tensile properties of FSW joints. However,
the published information on the effect of post weld heat
treatment on the microstructure and mechanical properties of
the friction stir welded joints of AA7075 is very scant.
Therefore, this study aims to investigate the effect of various
post weld heat treatment methods, namely the artificial ageing
and solution treatment followed by ageing, on theFig. 2. Hardness profile across the wemicrostructure and mechanical properties of 12 mm thick
friction stir welded joints of armour grade AA7075 alloy.
2. Experimental work
Rolled aluminium alloy plates of AA7075-T651 are used as
the parent metal in this investigation. The composition of
AA7075-T651 aluminium alloy is given in Table 1. The
12 mm thick plate is cut into 300  100 mm pieces and rigidly
clamped to achieve a square butt edge configuration during
friction stir welding. The joints are fabricated using a com-
puter numerically controlled FSW machine, normal to the
rolling direction of the plate. For the FSW tool used, the taper
threaded pin profile of shoulder is 36 mm in diameter, the pin
is 12 mm in diameter and 11.6 mm in length. The schematic
diagram and the photograph of the FSW tool are shown in
Fig. 1a and b, respectively. The parameters are optimized
using a series of trial runs to obtain a macro level defect free
joint. The optimized parameters used for the fabrication of the
joints are tool rotation speed of 250 rpm and welding speed of
25 mm/min Fig. 1c shows the photograph of the FSW joint
obtained using the optimized parameters.
To study the effect of post weld heat treatment (PWHT), the
welded joints were subjected to two different heat treatment
cycles, namely artificial ageing (AA) and solution treatment
followed by artificial ageing (STA). The as-welded (AW)ld joint along the mid thickness.
Fig. 3. Optical micrographs of a. Parent material and Stir zones in b. As welded, c. Artificially aged, d. Solution treated and artificially aged conditions.
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treatment was carried out at 120 C for a soaking period of
24 h and the STA treatment was carried out by solutionizing at
480 C for a soaking period of 60 min followed by water
quenching and ageing at 120 C for a soaking period of 24 h.
The scheme of extraction of the specimen from the FSW weld
joint is shown in Fig. 1d. The notched and un-notched tensile
specimens were prepared for all the conditions, namely (i)
Parent Material (PM), (ii) AW joint, (iii) AA joint and (iv)
STA joint, as shown in Fig. 1e and f.
The tensile test was conducted on 100 kN electro me-
chanical controlled universal testing machine as per the ASTM
E8M-04 specification. The hardness measurement was done
across the weld centre line by Vickers microhardness tester
with load of 0.05 kg and a dwell time of 15 s. Metallographic
specimens were prepared by standard metallographic tech-
nique and were etched with Keller’s reagent (150 ml H2O,3 ml
HNO3 and 6 ml HF). The etching solution was cooled to 0
C
and the specimens were etched for about 20 s in order to reveal
the grain structure of the different weld zones. The micro-
structural analysis was done using optical microscope. The
fracture surfaces of the tensile specimens were analyzed using
a scanning electron microscope. Transmission electron mi-
croscopy was used to characterize the precipitates and the
dislocation cell structure evolved during the FSW and PWHT
cycles. The electron dispersive X-ray (EDX) analysis was used
to determine the composition of the precipitates evolved dur-
ing FSW and PWHT cycles.3. Results3.1. Tensile propertiesThe results of the transverse tensile test carried out for the
FSW joints in AW, AA and STA conditions along with PM are
presented in Table 2. In each condition, three specimens were
tested and the average value is presented. The yield strength
and tensile strength of the un-welded PM are 510 MPa and
563 MPa, respectively, with an elongation of 16%. However,
the FSW joint exhibits lower tensile and yield strength of
315 MPa and 394 MPa, respectively, in comparison with PM
in the as-welded (AW) condition. This suggests that FSW
causes a huge reduction in tensile strength (30%) of AA7075-
T651 aluminium alloy, and the similar results were reported
elsewhere [10,11]. The artificial ageing treatment performed
on the FSW joint further lowers the yield strength and tensile
strength to 251 MPa and 314 MPa, respectively, resulting in
reducing the joint efficiency by 14% in comparison to AW
joint. The AA treatment also causes an increase in elongation
by 2% in comparison with the AW joint. The STA treatment
increases the yield strength and tensile strength to 346 MPa
and 445 MPa, respectively, resulting in increasing the joint
efficiency by 9% in comparison to AW joint. However, the
STA treatment causes a decrease in elongation by 1% for the
AW joint. The notch strength ratio (NSR), i.e. the ratio be-
tween tensile strength of notched specimen and tensile
strength of unnotched specimen for all the joints, is greater
Fig. 4. TEM micrographs of a. Parent material and Stir zones in b. As welded, c. Artificially aged, d. Solution treated and artificially aged conditions.
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the conditions. The failure location of smooth tensile specimen
was observed at the advancing side of the themo-mechanically
affected zone (AS-TMAZ) in all the three joints.3.2. HardnessThe hardness survey across the weld cross section was
conducted along the mid thickness of the joint using a Vickers
microhardness testing machine. The hardness profile is pre-
sented in Fig. 2. The stir zone (SZ) of AW joint does not show
any considerable hardness difference in comparison with the
PM hardness. The hardness value for the AW joint shows a
drop in the TMAZ region on both sides of the joint. The lowest
hardness in AW joint was observed at AS-TMAZ. The AA
treatment resulted in increase of hardness value in the stir zone
region and decrease in TMAZ region. The STA joint recorded
the highest hardness in all the regions of the weld in com-
parison with AW and AA joints.3.3. MicrostructureThe optical micrograph of parent material is shown in
Fig. 3a. The optical micrographs of stir zones of AW, AA and
STA joints are shown in Fig. 3a, b, c, respectively. The SZ
region of AW joint (Fig. 3b) reveals a fine and equiaxed grain
structure due to the dynamic recrystalization during FSW. The
stir zone of AA joint (Fig. 3c) reveals no alteration in the size
of fine equiaxed grains when subjected to the AA treatment.The stir zone of STA joint (Fig. 3d) reveals the marginal in-
crease in grain size due to STA treatment.
The TEM micrograph of PM is shown in Fig. 4a which
reveals two types of precipitates which are coarse and fine in
size. The coarse precipitates vary in size from 50 to 100 nm
while the fine precipitates vary from 10 to 50 nm in size. SZ
of AW joint (Fig. 4b) reveals coarse Al7Cu2Fe particles in
spherical and block morphology. The finer q0
(Mg(Zn,Al,Cu)2) precipitates in the stir zone completely
dissolved in the matrix due to friction heat during FSW
[12e14]. SZ of AA joint (Fig. 4c) reveals agglomerated
precipitates varying in size from 100 to 200 nm. SZ of STA
joint (Fig. 4d) shows the dissolution of all the agglomerated
coarse precipitates in the matrix except for few coarse
precipitates.
The optical micrographs of AS-TMAZ and RS-TMAZ in
AW condition are shown in Fig. 5a and Fig. 5b, respectively.
AS-TMAZ and RS-TMAZ reveal the highly distorted struc-
tures of the matrix with considerable elongation in the grains
due to the strain imparted in this region during FSW. The
optical micrographs of AS-TMAZ and RS-TMAZ in AA joint
are shown in Fig. 5c and d, respectively. AS-TMAZ and RS-
TMAZ show no alteration in the grain size due to the AA
treatment. The optical micrographs of AS-TMAZ and RS-
TMAZ in STA joint are shown in Fig. 5e and f. AS-TMAZ
and RS-TMAZ show the partially annealed conditions of the
highly deformed matrix and finer dark spots, which might be
the finer precipitates precipitated during the STA treatment, in
the region.
Fig. 5. Optical micrographs of TMAZ regions at various heat treated conditions. a. As welded AS-TMAZ, b. As welded RS-TMAZ, c. Artificially aged AS-TMAZ,
d. Artificially aged RS-TMAZ, e. Solution treated and artificially aged AS-TMAZ, f. Solution treated and artificially aged RS-TMAZ.
6 P. SIVARAJ et al. / Defence Technology 10 (2014) 1e83.4. Fracture surfacesThe scanned image of the fractured tensile specimens
parallel to the loading direction and the fracture surfaces
perpendicular to the loading direction is shown in Fig. 6. In
order to study the effect of post weld heat treatment on the
fracture mode during tensile testing, SEM examination of the
fracture surfaces was carried out. The SEM fractographs of the
unnotched and notched tensile specimens for PM, AW, AA
and STA conditions are shown in Fig. 7.
The fracture surface of the unnotched tensile specimen of
PM (Fig. 7a) consists of a large number of microscopic voids
with different sizes which are surrounded by fine dimples. The
large micro voids are associated with the coarse precipitates
which are fractured during the tensile loading, and the smaller
ones are associated with the finer precipitates. The fracture
surface of PM unnotched tensile specimen also revealsfeatureless flat regions along with the regions of dimple
fracture with secondary cracking. The fracture surface in-
dicates that the fracture is partly intergranular and partly
transgranular with mixed mode of failure.
The unnotched tensile specimens of AW, AA and STA
conditions are fractured in the AS-TMAZ region as seen from
the photographs of the tensile specimen shown in Fig. 6, with a
scrambled ‘S’ like cross section. The fracture surface of
unnotched tensile specimen in AW condition (Fig. 7b) consists
of micro voids and dimples with various sizes indicating
ductile mode of failure. The micro voids with various sizes
associated with brittle precipitates acts as the crack initiation
sites during initial loading. The fracture surface of the AA
condition (Fig. 7c) consists of large number of dimples with
much deeper voids compared to the AW joint (Fig. 7b). The
coarser precipitates available in the AA joint acts as the failure
initiation sites during tensile loading, and the large precipitate-
Fig. 6. Photographs of fractured tensile specimens parallel to the loading di-
rection and normal to the loading direction.
7P. SIVARAJ et al. / Defence Technology 10 (2014) 1e8to-precipitate distance results in formation of deeper voids.
Fig. 7d shows the fracture surface of unnotched tensile spec-
imen in STA condition. The fracture surface consists of much
shallower and fine dimples in comparison to other joints
without much elongation owing to the STA treatment which
results in finer precipitates.Fig. 7. SEM fractographs of unnotched tensile specimen. a Parent material, b4. Discussion
The AW joint has lower tensile strength than PM. SZ has
higher hardness value than TMAZ regions due to the dynamic
recrystallization phenomenon occurring in the region during
FSW. The fine grains formed during the recrystallization
compensates for the softening due to the precipitate dissolu-
tion in SZ during FSW (Fig. 3c) are attributed to the hardness
values of this region equivalent to PM [15]. The failure of AW
joint occurred in the AS-TMAZ region which has the lowest
hardness value (96.6 HV). The reduced hardness in the AS-
TMAZ region is attributed to the coarsening of precipitates
during the FSW process (Fig. 3b). The fracture surface of the
AW joint shows ductile mode of failure which is the evidence
for the softening which occurs in the TMAZ region during
FSW (Fig. 7b).
The AA treatment to the FSW joint deteriorated the tensile
properties of the FSW joint with subsequent reduction in
hardness values in the TMAZ region (93 HV). In contrast, the
hardness in SZ increased slightly during the AA treatment. SZ
which has undergone dissolution of fine precipitates during
FSW has re-precipitated during the AA treatment, thereby
resulting in increased hardness in this region. Therefore the
fine intermediate ή precipitate, a transition phase and precur-
sor to the equilibrium MgZn2 phase, is the most important
strengthening phase in age-hardenable AleZneMg alloys
[16]. The TEM image of the stir zone (Fig. 4c) shows that the
fine precipitates which undergo coarsening by agglomeration
during AA treatment. The high dislocation density presented
in AS-TMAZ acts as shorter diffusion path for the solute. As welded, c. Artificially aged, d. Solution treated and artificially aged.
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result of coarsening and reduction in dislocation density, the
hardness in TMAZ region decreased and the width of the soft
zone also increased in comparison with the AW joint. The
fracture surface of the AA treated joint shows highly ductile
mode of failure with deeper elongated voids as the result of
coarsening and softening in the AS-TMAZ region (Fig. 7c).
The tensile test results showed that the STA treatment has
marginally improved the tensile strength (445 MPa) of the
FSW joint with a drastic improvement in hardness values
across the FSW joint (refer Fig. 2), and the similar results were
observed by Barcellona et al., [17,18]. The solutionizing
process during the STA treatment caused the dissolution of
precipitates in the matrix. The artificial ageing process in the
STA treatment caused the re-precipitation of finer q0
(Mg(Zn,Al,Cu)2) in the stir zone (Fig. 4d) with coarse
Al7Cu2Fe precipitates. The distorted AS-TMAZ with high
dislocation density underwent partial annealing during the
STA treatment. The annealing effect reduced the strain
induced in TMAZ region during FSW with reduction in
dislocation density. Hence, the failure of STA joints was
observed in AS-TMAZ region. The hardness profile of the
STA joint shows that STA treatment increases the hardness of
the joint drastically. The STA joint almost had a mean hard-
ness value across all the regions of the joint with lowest
hardness in AS-TMAZ region. The increase in hardness value
resulted in marginal increase in tensile strength of the STA
joint. The fracture surface of the STA joint show the much
finer and shallow un-elongated dimples due to the fine pre-
cipitates which formed during the STA treatment (Fig. 7d).
5. Conclusions
1) Friction stir welding for 12 mm thick rolled plates of
precipitation hardened, high strength armour grade
AA7075-T651 aluminium alloys was succeeded without
any defects using single pass welding procedure.
2) The tensile properties of friction stir welded AA7075-
T651 alloy were deteriorated because of precipitate
dissolution due to frictional heating.
3) The artificial ageing treatment (120 C, 24 h) applied in
this investigation further reduced the tensile properties of
friction stir welded AA7075-T651 aluminium alloy joints.
4) The solution treatment followed by artificial ageing cycle
(480 C for 1 h þ 120 C for 24 h) is formed to be
beneficial to increase the tensile properties and hardness of
friction stir welded AA7075 aluminium alloy joints.Acknowledgements
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